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Joint analysis of two breed cross populations in pigs to improve detection
and characterization of quantitative trait loci
Abstract
The purpose of this study was to develop and implement least squares interval-mapping models for joint
analysis of breed cross QTL mapping populations and to evaluate the effect of joint analysis on QTL detected
for economic traits in data from two breed crosses in pigs. Data on 26 growth, carcass composition, and meat
quality traits from F2 crosses between commercially relevant pig breeds were used: a Berkshire × Yorkshire
cross at Iowa State University (ISU) and a Berkshire × Duroc cross at the University of Illinois (UOI). All
animals were genotyped for a total of 39 (ISU) and 32 (UOI) markers on chromosomes 2, 6, 13, and 18.
Marker linkage maps derived from the individual and joint data were similar with regard to order and relative
position, but some differences in absolute distances existed. Maps from the joint data were used in all analyses.
The individual and joint data sets were analyzed using several least squares interval-mapping models: line-
cross (LC) models with Mendelian and parent-of-origin effects; halfsib models (HS); and combined models
(CB) that included LC and HS effects. Lack-of-fit tests between the models were used to characterize QTL for
mode of expression and to identify segregation of QTL within parental breeds. A total of 26 (8), 47 (18), and
53 (16) QTL were detected at the 5% chromosome (genome)-wise level in the ISU, UOI, and joint data for
the 26 analyzed traits. Of the 53 QTL detected in the joint data, only six were detected in both populations
and for many, allele effects differed between the two crosses. Despite the lack of overlap between the two
populations, joint analysis resulted in an increase in significance for many QTL, including detection of ten
QTL that did not reach significance in either population. Confidence intervals for position also were smaller
for several QTL. In contrast, 24 QTL, most of which were detected at chromosome-wise levels in the ISU or
UOI population, were not detected in the joint data. Presence of paternally expressed QTL near the IGF2
region of SSC2 was confirmed, with major effects on backfat and loin muscle area, particularly in the UOI
population, as well as one or more QTL for carcass composition in the distal arm of Chromosome 6. Results
of this study suggest that joint analysis using a range of QTL models increases the power of QTL mapping and
QTL characterization, which helps to identify genes for subsequent marker-assisted selection.
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ABSTRACT: The purpose of this study was to develop
and implement least squares interval-mapping models
for joint analysis of breed cross QTL mapping popula-
tions and to evaluate the effect of joint analysis on QTL
detected for economic traits in data from two breed
crosses in pigs. Data on 26 growth, carcass composition,
and meat quality traits from F2 crosses between commer-
cially relevant pig breeds were used: a Berkshire × York-
shire cross at Iowa State University (ISU) and a Berk-
shire × Duroc cross at the University of Illinois (UOI).
All animals were genotyped for a total of 39 (ISU) and
32 (UOI) markers on chromosomes 2, 6, 13, and 18.
Marker linkage maps derived from the individual and
joint data were similar with regard to order and relative
position, but some differences in absolute distances ex-
isted. Maps from the joint data were used in all analyses.
The individual and joint data sets were analyzed using
several least squares interval-mapping models: line-
cross (LC) models with Mendelian and parent-of-origin
effects; halfsib models (HS); and combined models (CB)
that included LC and HS effects. Lack-of-fit tests be-
tween the models were used to characterize QTL for
mode of expression and to identify segregation of QTL
Key Words: Imprinting, Joint Analysis, Quantitative Trait Loci, Swine
2005 American Society of Animal Science. All rights reserved. J. Anim. Sci. 2005. 83:1229–1240
Introduction
Over the past decades, several resource populations
have been developed from breed crosses to detect chro-
mosomal regions associated with traits of economic im-
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within parental breeds. A total of 26 (8), 47 (18), and 53
(16) QTL were detected at the 5% chromosome (genome)-
wise level in the ISU, UOI, and joint data for the 26
analyzed traits. Of the 53 QTL detected in the joint data,
only six were detected in both populations and for many,
allele effects differed between the two crosses. Despite
the lack of overlap between the two populations, joint
analysis resulted in an increase in significance for many
QTL, including detection of ten QTL that did not reach
significance in either population. Confidence intervals
for position also were smaller for several QTL. In con-
trast, 24 QTL, most of which were detected at chromo-
some-wise levels in the ISU or UOI population, were
not detected in the joint data. Presence of paternally
expressed QTL near the IGF2 region of SSC2 was con-
firmed, with major effects on backfat and loin muscle
area, particularly in the UOI population, as well as one
or more QTL for carcass composition in the distal arm
of Chromosome 6. Results of this study suggest that
joint analysis using a range of QTL models increases
the power of QTL mapping and QTL characterization,
which helps to identify genes for subsequent marker-
assisted selection.
portance (i.e., QTL; Andersson, 2001). Although these
studies have identified many QTL, their power and map-
ping resolution (precision of QTL location estimates) has
been limited by size of the individual mapping popula-
tions. One approach to overcome the limited power of
individual studies is to combine data from different popu-
lations. The feasibility and power of this approach was
demonstrated by Walling et al. (2000) in a joint analysis
of seven independent, divergent F2 crosses between a
Western commercial breed and either the Meishan or
European Wild Boar to detect QTL for birth weight,
backfat, and growth rate on chromosome 4. Whereas
most QTL analyses of breed crosses, including the joint
analysis by Walling et al. (2000), used the line cross
model of Haley et al. (1994) to detect Mendelian QTL
that differ in frequency between the parental breeds,
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several alternative models have now been developed and
implemented to enhance detection and characterization
of QTL in breed crosses, including imprinting models to
detect parent-of-origin effects (de Koning et al., 2000;
Thomsen et al., 2004), half-sib models (de Koning et
al., 1999), and combined line-cross and half-sib models
(Dekkers et al., 2003). Characterization of the detected
QTL for their mode of expression and for their segrega-
tion within and between parental breeds provides valu-
able information for subsequent QTL analyses and
marker-assisted selection. The purpose of this study was
to further develop and implement these models for detec-
tion of QTL for growth, composition, and meat quality
traits in a joint analysis of two independent QTL map-
ping populations created by crossing commercially rele-
vant pig breeds.
Materials and Methods
Populations and Phenotypic and Molecular Data
Data from two F2 QTL mapping resource populations
of commercial pig breeds were used: 1) a Berkshire ×
Yorkshire population developed at Iowa State University
(ISU); and 2) a Berkshire × Duroc population that was
developed at the University of Illinois (UOI), Cham-
paign-Urbana. The ISU population was created by cross-
ing two purebred Berkshire sires and nine Yorkshire
dams. Eight F1 boars and 26 F1 sows were used to pro-
duce 64 full-sib families, with a total of 510 F2 progeny.
The UOI mapping population was created from three
Berkshire sires and 19 Duroc dams, from which seven
F1 boars and 56 F1 sows were used to produce 88 full-
sib families, with a total of 825 F2 offspring. Details
about raising and management of the two populations
were given by Malek et al. (2001a) and Rodriguez-Zas
et al. (2003).
Among the traits that were measured on these two
populations, 26 traits that were common to both popula-
tions were included in a joint analysis. These included
traits related to preweaning growth (birth weight, wean-
ing weight [at d 16 and d 21 in the ISU and UOI popula-
tions], and ADG from birth to weaning), post-weaning
growth (ADG from weaning to slaughter and live weight
at slaughter), body composition (carcass weight, carcass
length, loin muscle area, and backfat at the 10th, lum-
bar, and last rib, and average backfat), fat content (lipid
% in the loin and marbling score), glycogen (glycogen
content, lactate content, glycolytic potential), color (color
score, 24-h Hunter reflectance in the loin), 24-h loin pH,
sensory measures (juiciness and tenderness score), and
other taste-related measures (firmness, percent cooking
loss, average star probe force, and average drip loss).
Further descriptions of the trait measures and descrip-
tive statistics are provided in Malek et al. (2001a,b) and
Rodriguez-Zas et al. (2003).
Fifty-nine genetic markers, mainly microsatellites, in
four chromosomes (2, 6, 13, and 18) that were genotyped
in one or both populations, were used to generate linkage
maps and to perform QTL analyses. The number of
markers for each chromosome (ISU, UOI) was 18 (13,
9), 19 (11, 10), 15 (9, 9), and 7 (6, 4), respectively (Figure
1). Numbers of markers that were common to both popu-
lations were limited because of differences in informa-
tiveness in the two populations, and were 4, 2, 3, and 3
for chromosomes 2, 6, 13, and 18. Linkage maps based
on the ISU, UOI, and joint data were constructed using
Crimap Version 2.4 (Green et al., 1994) by using the
flips and all options to get the best order. To perform
QTL analyses, linkage maps generated from the joint
data were used.
QTL Analysis Models
Phenotypes were standardized by dividing by popula-
tion specific residual SD before QTL analysis. Residual
SD were obtained after adjustment for fixed effects (ex-
cept F1 sire) that were specified by Malek et al. (2000a,b)
for the ISU data and by Rodriguez-Zas et al. (2003) for
the UOI data.
Various QTL models that have been developed using
the least squares regression framework for analysis of
data from an F2 cross between two outbred breeds were
applied, following Dekkers et al. (2003) and Thomsen et
al. (2004). All models were based on a one QTL single-
trait model and fitted at each 1 cM position to data from
each population separately and to the joint data. The
most parsimonious Mendelian model fitted to the joint
data combined QTL effects fitted in line-cross and half-
sib models, following Dekkers et al. (2003), and allowed
for interactions of QTL effects with population:
Model CB-i: yijk = Xijkbijk + sik + akP(a)ijk
+ dkP(d)ijk + αikP(α)ijk + eijk;
where yijk is the standardized phenotype for F2 progeny
j of F1 sire i in population k (ISU or UOI), Xijk and bijk
are the design matrix and solution vector for fixed effects
and covariates (same effects as fitted by Malek et al.
[2000a,b] and Rodriguez et al. [2003], in addition to the
effect of population), sik is the fixed effect of the ith F1
sire in population k, and eijk is a residual. Following the
line-cross model of Haley et al. (1994), coefficients ak
and dk are the additive and dominance effects of breed-
origin alleles of a putative QTL at the fitted position for
population k, and coefficients P(a)ijk and P(d)ijk are the
corresponding breed-origin coefficients. Following the
half-sib model of Knott et al. (1996), αik represents the
substitution effect for the two putative QTL alleles car-
ried by the F1 sire ik and P(α)ijk the probability that the
F2 offspring inherited the one vs. the other QTL allele
from its F1 sire. Reduced Mendelian models were derived
from Model CB-i by including only the line-cross compo-
nents ak and dk (Model LC-i), only the half-sib compo-
nents αik (Model HS-i), and by dropping population in-
teraction effects (Models CB, LC, and HS).
To identify parent-of-origin effects, models described
by De Koning et al. (2001a) and Thomsen et al. (2004)
Joint analysis of QTL populations 1231
Fi
gu
re
1.
M
ar
ke
rs
ge
no
ty
pe
d
in
on
ly
th
e
Io
w
a
St
at
e
U
ni
ve
rs
it
y
(I
SU
)
B
er
ks
hi
re
×
Y
or
ks
hi
re
cr
os
s
(r
eg
ul
ar
fo
nt
),
th
e
U
ni
ve
rs
it
y
of
Il
lin
oi
s
(U
O
I)
B
er
ks
hi
re
×
D
ur
oc
cr
os
s
(i
ta
lic
fo
nt
),
an
d
in
bo
th
po
pu
la
ti
on
s
(b
ol
d
fo
nt
)
on
SS
C
2,
6,
13
,a
nd
18
,t
he
ir
m
ap
d
is
ta
nc
e
ba
se
d
on
th
e
jo
in
t
d
at
a,
an
d
in
fo
rm
at
io
n
co
nt
en
t
fo
r
d
et
ec
ti
on
of
M
en
d
el
ia
n
Q
T
L
un
d
er
th
e
lin
e-
cr
os
s
m
od
el
us
in
g
m
ar
ke
r
d
at
a
fr
om
th
e
IS
U
(—
o—
),
U
O
I
(—
×
—
),
an
d
jo
in
t
d
at
a
(—
—
).
Kim et al.1232
were fitted to the data from each population and the joint
data. The most parsimonious imprinting model fitted to
the joint data was:
Model FULL-i: yijk = Xijkbijk + sik + a(pat)kP(pat)ijk
+ a(mat)kP(mat)ijk + dkP(d)ijk + eijk;
where a(pat)k and a(mat)k are paternally and maternally
inherited effects for population k, and coefficients P(pat)ijk
and P(mat)ijk are as defined by De Koning et al. (2001a).
Reduced imprinting models were derived from Model
FULL-i by including only paternal effects a(pat)k (Model
PAT-i), only maternal effects a(mat)k (ModelMAT-i), and
by dropping the population interaction effects (Models
FULL, PAT, and MAT). All models, except PAT(-i) and
MAT(-i) were used to detect QTL in the joint and individ-
ual data sets, based on tests against the no QTL model
at a 5% chromosome-wise (ChW) level.
Tests to Determine the Nature of Detected QTL
A series of tests of alternate models was applied to
characterize the QTL detected. In a first set of tests,
QTL with parent-of-origin expression were differenti-
ated from Mendelian QTL by testing the LC, FULL,
PAT, and MAT models against each other, following the
decision tree described in Thomsen et al. (2004). Then,
for QTL regions detected using the LC, HS, or CB models
and for which no imprinting was detected, a series of
tests between the LC, HS, and CB models was applied,
following Dekkers et al. (2003), to determine whether the
F0 parents of the two parental breeds that contributed to
the cross were fixed for alternate QTL alleles, which will
be referred to as LC QTL, or whether the two parental
breeds were segregating for the QTL at similar (HS QTL)
or different frequencies (CB QTL). These tests are de-
scribed in further detail below. In all cases, final esti-
mates of QTL effects and QTL position were derived
using the inferred mode of expression.
For the joint analyses, breed origin alleles were as-
sumed to be uniqueapriori; thus, the population interac-
tion models were used for QTL detection and for tests
for parent-of-origin effects. Significance of population-
specific QTL effects were then tested for the inferred
mode of expression based on a lack of fit test between
the interaction and single effect models. These tests were
conducted at the 5% comparison-wise level at the best
position for the inferred population-interaction model.
Significance Tests
Empirical significance thresholds against the null
model at the 5 and 1% ChW level were derived for each
QTL model based on 10,000 permutations for each trait
and each data set. Threshold values at the 5 and 1%
genome-wise (GW) level were then obtained based on
size of the chromosome relative to the whole genome,
following de Koning et al. (2001a). These thresholds were
used to detect QTL as described above. Tests of alternate
models for parent-of-origin expression were conducted
at the 5% ChW level, following Thomsen et al. (2004).
But, to decrease computing, tests were not conducted at
every position in the QTL region, as in Thomsen et al.
(2004), but at the best position of the full model in tests
of the FULL against the LC model, and at the best
position of the PAT or MAT models in tests against the
FULL model. In addition, ChW thresholds for these tests
were set equal to thresholds obtained forF-test statistics
against the null hypothesis of no QTL with equivalent
numerator degrees of freedom, as suggested by Thomsen
et al. (2004). Thus, thresholds for tests of the PAT against
the null model were used for tests of the FULL against
the LC model because both have 1 df.
For QTL that were not determined to be imprinted
based on tests described above, the following tests were
conducted to identify segregation of QTL within the pa-
rental breeds and to declare a QTL to be a LC, HS, or
CB QTL:
LC QTL = the QTL was detected under the LC model,
but an F-test of the CB over the LC model
at the most likely position under the LC
model was not significant at the 5% com-
parison-wise level.
HS QTL = the QTL was detected under the HS model,
not significant under the LC model, and an
F-test of the CB over the HS model at the
most likely position under the HS model
was not significant at the 5% comparison-
wise level:
CB QTL = the QTL was detected with the CB model
but could not be defined as a LC or HS QTL
based on the previous tests.
Confidence Interval for QTL Position
Confidence intervals (CI) for position of QTL were
obtained by applying an empirical non-parametric boot-
strap method (Visscher et al., 1996) to phenotypes that
were pre-adjusted for fixed effects and covariates. For
chromosome-trait combinations with significant QTL,
300 bootstrap samples were generated using the inferred
QTL model. To decrease the effect of other QTL on the
chromosome and of bias of estimates toward marker
positions, the distribution of bootstrap estimates was
evaluated for clear discontinuities along the chromosome
and only estimates that fell within a continuous cluster
of estimates around the QTL were used to determine
the confidence interval for the QTL. Although this could
lead to an underestimate of the confidence interval, this
was preferred to having substantial overestimates be-
cause of presence of multiple QTL on the chromosome.
Results
Phenotypes
Comparing descriptive statistics presented in Malek
et al. (2001a,b) and Rodriguez-Zas et al. (2003), traits
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Table 1. Number of QTL detected at various significance levels in the breed cross data
from Iowa State University (ISU), the University of Illinois (UOI), and in the joint data
(JOINT) on SCC 2, 6, 13, and 18, and the number of QTL detected at various significance
levels in the joint data that also were detected in the ISU or UOI data at the 5% chromosome-
wise level or better
QTL detected in JOINT QTL also detected in:
ISU UOI JOINT ISU + ISU UOI Neither
Significance level data data data UOI only only data
5% chromosome-wise 13 20 25 1 5 11 8
1% chromosome-wise 5 9 12 0 3 7 2
5% genome-wise 1 5 4 0 1 3 0
1% genome-wise 7 13 12 5 1 6 0
Total 26 47 53 6 10 27 10
QTL not significant in JOINT 0 10 14 —
generally had similar means, ranges, and standard devi-
ations in the two populations. Berkshire-Yorkshire prog-
eny had slightly thicker backfat and a smaller loin mus-
cle than Berkshire-Duroc progeny. Measures related to
glycolytic potential had higher means and some extreme
phenotypes in the UOI progeny. Tenderness and other
taste-related measures were not much different between
the two populations, but the Berkshire-Yorkshire prog-
eny had greater drip loss in the fresh product and smaller
cooking loss.
Marker Linkage Maps
Marker orders and relative locations obtained from
each data set were in good agreement with the USDA-
MARC swine genome map (http://www.marc.usda.gov/
genome/genome.html). Marker orders were the same for
all maps, except for some tightly linked markers (Supple-
mental Figure, available online). For most chromosomes,
map lengths based on the joint and UOI data were larger
than distances between corresponding external markers
in the USDA and ISU maps.
Information contents across the four chromosomes to
detect Mendelian QTL, computed following Knott et al.
(1998), are in Figure 1. Average information content was
greatest for the ISU data, least for the UOI data, and
intermediate for the joint data. Information contents for
paternal and maternal expression models (not shown)
were slightly higher but had similar patterns as in Fig-
ure 1. No region on the four chromosomes showed segre-
gation distortion for additive, dominance, or parent-of-
origin effects.
QTL Results
Chromosome-wise significance thresholds for tests
against the null model were similar across models, traits,
and chromosomes when expressed in terms of the corres-
ponding comparison-wise P-value for the F-statistic (re-
sults not shown). Thus, to allow comparison between
models, the −log10 of the comparison-wise P-value was
used to present the level of significance of QTL results
and was 2.2 ± 0.1 for 5% ChW thresholds and 3.5 ±
0.1 for 5% GW thresholds across models, traits, and
chromosomes. Thresholds for SSC18 were slightly lower
because of its smaller size.
Table 1 summarizes the number of QTL-trait combina-
tions that were significant at the 5% ChW level in analy-
ses of the individual and joint data. The total number
of QTL detected was slightly greater for the joint (53)
than for the UOI analyses (47), but the number signifi-
cant at the 5% GW level or better was slightly lower for
the joint analyses (16 vs. 18 QTL). The ISU analyses
resulted in substantially fewer QTL detected (26 total
and eight at the GW level), consistent with its smaller
population size.
Only six QTL were significant in all three data sets
(joint, ISU, and UOI) and five of these were located in
the IGF2 region on SSC2 (see later), which were all
significant at the 1% GW level (Table 1). Of the other
QTL that were significant in the joint data, 27 were
significant in the UOI population but not in the ISU
data, 10 were significant in the ISU population but not
in the UOI data, and 10 were not detected in either
population. The latter represent newly detected QTL
through joint analysis and included eight QTL that were
significant at the 5% ChW level (for color score at 159
cM on SSC2, reflectance at 151 cM on SSC2, firmness
at 75 cM on SSC2, birth weight at 112 cM on SSC6, lipid
% at 39 cM on SSC6, live weight at 25 cM on SSC13,
growth on test at 25 cM on SSC13, and loin muscle area
at 67 cM on SSC18) and two QTL significant at the 1%
ChW level (drip loss at 154 cM on SSC2 and average
backfat at 183 on SSC6). For most of these QTL there
was a peak that approached significance in the individ-
ual analyses, but joint analysis allowed the suggestive
evidence in each population to reach significance (results
not shown). A total of 24 QTL were significant in one
individual population (10 for ISU and 14 for UOI) but
did not reach significance in the joint analysis.
Tables 2, 3, and 4 present detailed results of QTL
that were detected at the 5% GW level in the joint or
individual analyses. In these tables, which will be de-
scribed further by chromosome in the following, results
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Table 2. Quantitative trait loci detected on SSC2 at the 5% genome-wise level in the joint or individual population
analyses
Position, cM Estimates of QTL effects
Significance QTL
Trait Analysis Estimatea CIb (logPc) typed Additivee Dominance
Last rib backfat Joint 2 1 to 8 18.8**** Pat-i 0.177 ± 0.045
0.446 ± 0.053
ISU 1 0 to 5 6.4**** CB 0.140 ± 0.088 −0.044 ± 0.088
UOI 5 0 to 13 17.1**** Pat 0.483 ± 0.055
Lumbar backfat Joint 9 5 to 24 22.7**** Pat-i 0.197 ± 0.046
0.545 ± 0.057
ISU 1 0 to 10 10.6**** CB 0.185 ± 0.086 −0.087 ± 0.086
UOI 16 8 to 23 20.5**** Pat 0.585 ± 0.059
Tenth-rib backfat Joint 9 3 to 22 24.8**** Pat-i 0.208 ± 0.046
0.570 ± 0.057
ISU 1 0 to 6 10.1**** CB 0.092 ± 0.086 −0.049 ± 0.086
UOI 16 7 to 23 22.5**** Pat 0.613 ± 0.059
Average backfat Joint 6 2 to 21 28.9**** Pat-i 0.228 ± 0.045
0.537 ± 0.056
ISU 1 0 to 5 13.2**** CB 0.161 ± 0.085 −0.071 ± 0.085
UOI 12 3 to 20 21.7**** Pat 0.583 ± 0.059
Loin muscle area Joint 24 18 to 29 29.1**** Pat-i −0.263 ± 0.052
−0.674 ± 0.063
ISU 5 1 to 8 6.5**** Pat −0.235 ± 0.045
UOI 24 17 to 32 24.4**** Pat −0.651 ± 0.061
Lipid % Joint 108 92 to 116 5.4**** LC-i 0.031 ± 0.071 −0.286 ± 0.102
0.268 ± 0.060 −0.189 ± 0.096
ISU 109 1.6NS LC — —
UOI 97 92 to 121 5.6**** LC 0.264 ± 0.058 −0.225 ± 0.092
Marbling score Joint 52 44 to 63 3.7*** LC-i −0.038 ± 0.073 −0.307 ± 0.121
0.216 ± 0.063 −0.232 ± 0.119
ISU 51 1.3NS LC — —
UOI 63 52 to 103 3.3** LC 0.166 ± 0.050 −0.165 ± 0.076
Juiciness score Joint 90 75 to 98 6.1**** LC 0.240 ± 0.047 −0.096 ± 0.071
ISU 87 2.2NS LC — —
UOI 88 69 to 97 4.6**** LC 0.235 ± 0.060 −0.217 ± 0.096
Tenderness score Joint 42 NAf 6.8**** CB-i −0.060 ± 0.113 −0.094 ± 0.114
0.480 ± 0.114 0.067 ± 0.169
ISU <1 CB — —
UOI 40 NA 8.9**** CB 0.475 ± 0.116 0.066 ± 0.178
Tenderness score Joint 100 91 to 113 9.6**** LC-i 0.069 ± 0.078 0.001 ± 0.119
0.388 ± 0.056 0.134 ± 0.085
ISU 90 <1 LC — —
UOI 104 92 to 118 10.7**** LC 0.365 ± 0.054 0.168 ± 0.080
Star probe force Joint 100 91 to 109 13.0**** CB-i −0.034 ± 0.105 0.011 ± 0.121
−0.523 ± 0.081 −0.166 ± 0.085
ISU 92 1.2NS CB — —
UOI 102 92 to 109 14.4**** CB −0.500 ± 0.077 −0.154 ± 0.077
Drip loss Joint 48 32 to 66 3.8** CB −0.055 ± 0.073 0.024 ± 0.087
ISU 50 32 to 66 4.5*** CB 0.097 ± 0.110 0.062 ± 0.120
UOI 30 1.1NS CB — —
aPosition at which the test-statistic value was maximized for the inferred QTL model.
b95% confidence interval for location estimates for the inferred mode of expression.
cNegative logarithm of the comparison-wise P-value of the test-statistic against the null hypothesis of no QTL at the most likely position
for the inferred QTL model.
dDeclared QTL type: LC = line-cross QTL; HS = half-sib QTL; CB = combined type QTL; Pat = QTL with paternal expression; Mat = QTL
with maternal expression; Partial = parent-of-origin QTL with expression of both parental alleles. For the joint analyses, -i indicates significance
of the population interaction term with the assumption of different effects for the two maternal breed alleles (or populations).
eEstimates of additive effects for LC or CB QTL and of paternal and maternal effects for parent-of-origin QTL. Estimates in first and second
lines for type -i QTL in the joint analyses represent estimates for the Iowa State University and University of Illinois populations. All estimates
are expressed in residual phenotype standard deviations.
fConfidence interval could not be derived because of multiple QTL detected on the chromosome.
*Significant at the 5% chromosome-wise level.
**Significant at the 1% chromosome-wise level.
***Significant at the 5% genome-wise level.
****Significant at the 1% genome-wise level.
NS = QTL not significant but included for completeness, with position estimate denoted in italic font.
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Table 3. Quantitative trait loci detected on SSC6 at the 5% genome-wise level in the joint or individual population
analyses
Position, cM Estimates of QTL effects
Significance QTL
Trait Analysis Estimatea CIb (logPc) typed Additivee Dominance
Carcass length Joint 135 115 to 143 4.4*** LC 0.193 ± 0.044 −0.068 ± 0.070
ISU 135 <1NS LC — —
UOI 131 107 to 142 4.3*** LC 0.225 ± 0.051 −0.067 ± 0.074
Last rib backfat Joint 168 142 to 183 3.3** Pat-i 0.067 ± 0.053
−0.137 ± 0.037
ISU 168 <1NS — —
UOI 167 140 to 183 3.7*** Pat −0.137 ± 0.037
Tenth-rib backfat Joint 122 NAf 4.6**** CB 0.078 ± 0.064 0.172 ± 0.068
ISU 108 NA 2.3* HS — —
UOI 122 <1NS — —
Tenth-rib backfat Joint 167 NA 4.4*** CB-i −0.340 ± 0.110 0.240 ± 0.121
0.063 ± 0.078 0.055 ± 0.075
ISU 165 NA 3.4** CB −0.333 ± 0.106 0.220 ± 0.115
UOI 167 1.1NS CB — —
Average backfat UOI 86 70 to 100 3.5*** Mat 0.146 ± 0.039
Loin muscle Joint 100 87 to 122 5.2**** LC −0.228 ± 0.047 −0.056 ± 0.076
ISU 89 2.2NS LC — —
UOI 107 59 to 125 4.8**** LC −0.306 ± 0.065 −0.067 ± 0.115
Lipid % ISU 167 158 to 173 4.1**** Partial 0.101 ± 0.051g 0.347 ± 0.051
−0.168 ± 0.051
a,b,c,d,e,fSee Table 2 for a description of column headings.
gEstimate of the paternal effect in the first line and of the maternal effect in the second line.
*Significant at the 5% chromosome-wise level.
**Significant at the 1% chromosome-wise level.
***Significant at the 5% genome-wise level.
****Significant at the 1% genome-wise level.
NS = QTL not significant but included for completeness, with position estimate denoted in italic font.
of the individual population analyses were included for
all QTL that were significant in the joint analyses for
comparison purposes.
QTL on SSC2. Several QTL for backfat measures,
muscle, fat, and tenderness traits were detected on SSC2
with high statistical evidence, in particular in the UOI
data (Table 2, Figure 2). A strong QTL (significant at
the 1% GW level) was detected for each backfat trait
and in each data set in the proximal region of the chromo-
some (0 to 16 cM). This is near IGF2, which is located
around 1 cM on the joint map, near SWC9 (Nezer et
al., 2003). These QTL were declared to be paternally
expressed following the decision tree of Thomsen et al.
(2004) based on the UOI and the joint data, but as CB
QTL in the ISU data. Parent-of-origin effects were, how-
ever, close to significant in the ISU data and the paternal
expression model itself was significant at the 5% GW
level (Figure 2). Point estimates for the backfat QTL
were at the beginning of the chromosome for the ISU
data, but at positions further down the chromosome for
the UOI and joint data. Confidence intervals for the UOI
and joint data did not always include the IGF2 location.
In both populations, the Berkshire allele resulted in
greater backfat (Table 2), but this effect was much
stronger in the UOI data (> 0.5 SD or 0.22 cm).
The same proximal region of SSC2 also contained a
strong (1% GW level) QTL for loin muscle area (Table
2; Figure 2) with a paternal expression mode in all data
sets. Similar to backfat, effects of this QTL on loin muscle
area were substantially greater for the UOI (0.65 SD or
3 cm2) than the ISU data (0.24 SD), but the Berkshire
allele resulted in lower loin muscle area in both popula-
tions. In the near proximal region (52 cM), a strong QTL
was detected in the joint analysis for marbling (Table 2;
Figure 3). This so-called 5% GW LC-i QTL was declared
to be a LC QTL, had a significant population interaction
effect (−i), and was significant at a 5% GW level for its
declared mode of expression (i.e., the LC-i model). This
QTL was not significant in the ISU but suggestive in
the UOI data. For both populations, heterozygous indi-
viduals had the lowest degree of marbling for the QTL
at 52 cM (−0.31 and −0.23 SD for ISU and UOI; see
Table 2).
In the same region as the marbling QTL (at 42 cM),
a QTL for tenderness was detected in the UOI and joint
data (1% GW CB-i QTL). In contrast to the marbling
QTL, which was declared to be a LC QTL, evidence of
segregation was detected at this QTL (CB QTL), but on
average, the Berkshire allele resulted in greater tender-
ness, consistent with the greater marbling score. There
was no evidence for dominance at the tenderness QTL;
however, in contrast to the marbling QTL. Also in this
same region (at 48 cM), but now in the ISU data, a QTL
for drip loss was detected (Table 2).
Around 100 cM on the joint map, close to the second
QTL for marbling in the UOI data, strong QTL were
detected for lipid % (1% GW LC-i at 108 cM), juiciness
(1% GW LC at 90 cM), tenderness (1% GW LC-i at 100
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Table 4. Quantitative trait loci detected on SSC13 and SSC18 at the 5% genome-wise level in the joint or individual
population analyses
Position, cM Estimates of QTL effects
Significance QTL
Trait Analysis Estimatea CIb (logPc) typed Additivee Dominance
Chromosome 13
Loin muscle area Joint 77 66 to 98 3.4*** HS — —
ISU 77 <1 HS — —
UOI 74 66 to 100 4.3**** CB 0.206 ± 0.080 0.061 ± 0.087
Cooking loss UOI 86 75 to 106 3.6*** Mat 0.137 ± 0.038
Chromosome 18
Lipid % Joint 70 62 to 72 3.5** LC-i −0.096 ± 0.071 0.098 ± 0.100
0.222 ± 0.056 0.135 ± 0.086
ISU 66 <1 — —
UOI 72 62 to 73 3.9*** LC 0.220 ± 0.055 0.112 ± 0.082
Glycogen content Joint 40 36 to 52 3.2** Pat-i −0.186 ± 0.050
0.040 ± 0.041
ISU 38 36 to 48 3.8**** Pat −0.181 ± 0.048
UOI 51 1.1NS Pat —
24-h loin pH Joint 10 0 to 18 2.6* Mat-i 0.000 ± 0.050
−0.177 ± 0.051
ISU 10 <1 Mat —
UOI 10 0 to 18 3.2**** Mat −0.177 ± 0.051
a,b,c,d,eSee Table 2 for a description of column headings.
*Significant at the 5% chromosome-wise level.
**Significant at the 1% chromosome-wise level.
***Significant at the 5% genome-wise level.
****Significant at the 1% genome-wise level.
NS = QTL not significant but included for completeness, with position estimate denoted in italic font.
cM), and Star probe force (1% GW CB-i at 100 cM; Table
2). All these QTL were detected at 1% GW level in the
UOI data but not significant in the ISU data. For the
QTL in this region, the Berkshire allele in the UOI popu-
lation had greater lipid %, marbling, juiciness, and ten-
derness, and lower force required to puncture the meat
compared with the Duroc allele (Table 2).
QTL on SSC6. Toward the end of chromosome 6 (at
167 cM), QTL associated with backfat at the last and
10th rib were detected in the joint analysis (Table 3),
but with evidence for the last rib QTL coming from the
UOI data and for the 10th rib QTL from the ISU data.
For both QTL, the Berkshire allele resulted in less back-
fat but with evidence of paternal-only expression for the
last-rib QTL in the UOI population, and with segregation
and increased backfat for the heterozygote for the tenth-
rib QTL in the ISU population. These could represent
the same QTL but with their expression being dependent
on developmental stage and population background. The
same region also showed QTL significant at the 5% ChW
level for lumbar and average backfat in the same region
in the joint analyses (data not shown). The ISU data
also showed a QTL for lipid % in the same region, with
evidence for partial imprinting, with greater lipid % for
the heterozygote and lower lipid % for the Berkshire
allele when inherited through the maternal side (Table
3). The ISU data also showed evidence for HS QTL for
10th-rib backfat (at 108 cM), whereas the UOI data
showed evidence of a QTL for loin muscle area at 107
cM. Both these QTL also were significant in the joint
analyses at the GW level but with segregating vs. fixed
breed alleles, respectively (Table 3).
QTL on SSC13. One QTL affecting loin muscle area
was detected in the interstitial region of SSC13 at the
5% GW level in the joint and UOI data (Table 4). This
QTL had significant evidence of segregation in the paren-
tal breeds. In the same region, QTL for lipid %, 10th-
rib and average backfat, and carcass weight and length
were detected at the 5% ChW level in the joint and UOI
data (data not shown). One maternally expressed QTL
for cooking loss was detected at the 5% GW level in
the UOI data, but this QTL was not significant in the
joint data.
QTL on SSC18. Three QTL were detected at the 5%
GW level in SSC18 (Table 4); a LC QTL for lipid % at
72 cM in the UOI data; a paternally expressed QTL
for glycogen content at 38 cM in the ISU data; and a
maternally expressed QTL for 24-h loin pH at 10 cM in
the UOI data. None of these QTL was significant in the
other population and, as a result, they were detected
with a lower level of statistical evidence (at the 1 and
5% ChW level) in the joint data, and had different allele
effects in the two populations.
Discussion
QTL Detection Using Joint Data
This study reports on the use of a comprehensive set
of models for joint QTL analysis of two F2 pig populations
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Figure 2. Profiles for QTL on SSC 2 using data from the Iowa State University (ISU) Berkshire × Yorkshire cross,
the University of Illinois (UOI) Berkshire × Duroc cross, and the joint data. Shown is the negative of the logarithm
of the comparison-wise significance value for the inferred QTL models against position on the joint linkage map.
Markers genotyped in the ISU and UOI population are indicated by open and closed triangles on the x-axis, with
shaded triangles indicating markers genotyped in both populations. Shown are (A) profiles for the inferred models
for average backfat (ABF) and loin muscle area (LMA), which was the paternal (PAT) expression model for all cases,
except for the combined (CB) model for average backfat in the ISU data, and (B) profiles for the inferred models for
marbling and lipid %, which was the line-cross model for all cases. For all four traits, QTL effects were significantly
different (P < 0.05) between the two populations.
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generated from commercial breeds. All models were
based on the least squares framework, which facilitates
implementation. Advantages of combined analysis of
QTL data to improve power for QTL detection and map-
ping precision have been suggested (Allison and Heo,
1998) but only a limited number of studies have reported
on results from such analyses (Walling et al., 2000),
despite a large number of reports on individual popula-
tions (Bidanel and Rothschild, 2002).
Separate analyses of the ISU and UOI populations
resulted in substantial numbers of QTL detected, but
there was generally limited overlap between QTL de-
tected in the two populations (Table 1). This lack of
overlap may be due to the difference in the F0 parents
that were used to create these two populations (i.e., York-
shire vs. Duroc as the maternal breed). Although the
Berkshire breed was common to both populations, only
two Berkshire sires contributed to the ISU population
and a different set of three sires to the UOI population.
Thus, QTL alleles present in the F0 parents could have
differed substantially between the two populations. The
difference in the genetic basis of these two populations
was further substantiated by the fact that of the 16
QTL that were significant at the GW level in the joint
analysis, 12 had significant evidence of a QTL by popula-
tion interaction (Tables 2, 3, 4). Presence of a population
interaction can be caused by different effects of the QTL
in the two populations, but it is more likely caused by
different QTL frequencies in the F0 parents between the
two populations or that the QTL is segregating in the
one population but not in the other.
Despite the lack of overlap between results from the
two separate population analyses, joint analysis in gen-
eral resulted in greater significance of QTL and greater
mapping precision (i.e., smaller CI for QTL position).
For example, joint analysis resulted in detection of nine
QTL (at the 5% ChW level) that did not reach significance
in either population (Table 1) and in greater levels of
significance for many QTL for which only one of the
populations was significant (Tables 2, 3, 4). Both these
cases support increasing evidence of QTL from joint
analysis. However, for six QTL, joint analysis resulted
in lower significance of the detected QTL compared with
the individual population analyses (Tables 2, 3, 4), and
24 QTL were not detected in the joint data (Table 1).
These tended to be QTL for which one of the populations
provided no indication of presence of a QTL. Some QTL
had substantially different position estimates in the two
populations and resulted in longer confidence intervals
for the joint than for the individual analyses. Examples
are the backfat and loin muscle area QTL on SSC2, for
which position estimates were at the IGF2 gene for the
ISU data, but 5 to 15 cM distal from IGF2 for the UOI
data (Table 2). It is possible that two QTL were segregat-
ing in the UOI population, one at IGF2 and one further
into the chromosome, but this could not be confirmed by
a two-QTL analysis (data not shown). In addition, it
must be noted that, although the first marker was at
IGF2 (position 0), the second marker that was genotyped
in the UOI population was at 60 cM (Figure 1). This
large distance between markers and low information
content in the region, may cause biased position esti-
mates and CI, so position estimates from the UOI and
joint data must be interpreted with care.
Data from the two populations were standardized by
their respective residual SD before analysis to ensure
homogeneous residual variance in the joint analyses.
Residual SD can differ between populations because of
differences in scale or accuracy of measurement or popu-
lation differences in genetic or environmental variances.
This adjustment assumes that differences in QTL effects
between populations are multiplicative, which could in-
troduce interactions between QTL and population if QTL
effects are the same in both populations on the original
scale. This could be tested by comparing population-
specific QTL effect estimates after back-transformation
to the original scale.
QTL Characterization
The QTL type declarations in the individual popula-
tion analyses generally supported the QTL type designa-
tion in the joint analysis but with some exceptions. For
example, the QTL for backfat and loin muscle area in
the IGF2 region on SSC2 were detected as CB QTL in the
ISU population but as paternally expressed QTL in the
UOI and joint analyses. A previous analysis of the ISU
data by Thomsen et al. (2004) declared the backfat QTL
in this region to be paternally expressed, but this was
with a model that did not include F1 sire. In both their
and the present analyses of the ISU data, the Mendelian
(LC) model was significant in this region for all backfat
traits, but in the present analysis, the subsequent test
for presence of imprinting (i.e., the test of the FULL
against the Mendelian model) only approached 5% ChW
significance, implying no parent-of-origin effects. When
characterizing these QTL further, all backfat QTL in
this region were declared as CB QTL for the ISU data.
It should be noted that this declaration may in fact be
consistent with presence of paternal expression because
the HS component in the CB model allows for differential
allele effects, depending on parental origin, by fitting
additional effects for one of the parental origin alleles.
The CB model can, therefore, model parent-of-origin ef-
fects (paternal-only as well as maternal-only expression)
and is confounded with the parent-specific expression
models. Thus, although not significant, the present ISU
results do not exclude paternal-only expression of these
QTL. Indeed, paternal-only expression was confirmed in
the joint analysis, but with different effects in the two
populations (Table 2). Thus, QTL type declarations must
be interpreted with care because of the confounding be-
tween some models.
The small number of QTL with evidence of segregation
within the parental breeds (HS or CB QTL) does not
imply that most QTL will be fixed in alternate breeds.
In a simulation study, Kim and Dekkers (2004) demon-
strated the greater power of F2 designs to detect LC QTL
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and the limited ability to determine that detected QTL
that are declared to be HS or CB QTL are indeed segre-
gating within the parental breeds. Nevertheless, the use
of the CB and HS models aids in detecting more QTL
than using the LC model alone (Dekkers et al., 2003).
Six additional QTL with parent-of-origin effects were
detected at the GW level in individual populations, but
for all these, no QTL was detected in the other population
and the joint analysis reached significance at the 5 or
1% ChW level for only three of these QTL (Tables 2, 3,
and 4). Parent-of-origin effects in these regions must be
confirmed in other studies.
Comparison of QTL Results with Previous Studies
Previous results have extensively reported on QTL
detected in the ISU population, including using line-
cross (Malek et al., 2000a,b), parent-of-origin (Thomsen
et al., 2004), and QTL segregation models (Dekkers et
al., 2003). Further discussion will, therefore, focus pri-
marily on QTL detected at the GW level in the joint and
UOI analyses.
Our results for paternally expressed QTL in the proxi-
mal region of SSC2 (Table 3; Figure 2) confirm previous
evidence of similar results in several populations (Jeon
et al., 1999; Nezer et al., 1999; de Koning et al., 2001b)
and the recent identification of a causative SNP in the
IGF2 gene (Nezer et al., 2003; van Laere et al., 2003).
Bidanel et al. (2001) detected a Mendelian QTL for back-
fat thickness in this region in a Meishan and Large
White cross but did not test for imprinting. Milan et al.
(2002) detected QTL for backfat weight and loin weight
in the same population and region but did not find evi-
dence of parent-of-origin effects.
The QTL identified on SSC6 partially confirm results
from other populations. De Koning et al. (1999) also
found a QTL for backfat thickness in the distal region
of the chromosome in a Meishan and Dutch White cross,
where our study found conflicting parent-of-origin ef-
fects. However, further analyses by De Koning et al.
(2001b) did not identify parent-of-origin effects. De Kon-
ing et al. (2001b) did detect a maternally expressed QTL
for backfat in a similar region where the maternally
expressed UOI QTL for average backfat resided (86 cM).
Ovilo et al. (2000) detected a Mendelian QTL for loin
muscle area and backfat in an Iberian and Landrace
cross between our two QTL regions for 10th rib backfat.
Rohrer (2000) and Bidanel et al. (2001) also detected a
Mendelian backfat QTL in Meishan and Large White
crosses, whose locations were close to the average back
QTL and the 10th rib QTL region in SSC6, respectively,
in our study. Combined, these studies clearly demon-
strate the presence of one or more QTL for carcass com-
position on the distal arm of SSC6, although the mode
of expression of these QTL remains unclear.
Our finding of a QTL for 24-h loin pH on SSC18 con-
firms a suggestive QTL for ham muscle pH at 24 h by
De Koning et al. (2001a) in a Meishan and Dutch com-
mercial pig cross. De Koning et al. (2001a) found no
evidence of parent-of-origin effect for that QTL, in con-
trast to the evidence for maternal-only expression that
was found here.
Implications
This study demonstrates the feasibility and usefulness
of joint analysis of quantitative trait loci mapping experi-
ments in terms of greater power to detect quantitative
trait loci and greater quantitative trait loci mapping
precision, even when breeds involved in the alternate
crosses are quite different. Implementation of various
Mendelian and parent-of-origin quantitative trait loci
models allowed better quantitative trait loci detection
and characterization, by utilizing the appropriate model
according to the nature of quantitative trait loci. This
enables proper definition of quantitative trait loci in
terms of mode of gene action and of segregation of alleles
within the parental breeds, which provides valuable in-
formation for subsequent quantitative trait loci analyses
and marker-assisted breeding schemes. Many quantita-
tive trait loci were not detected in both populations or
had different effects or frequencies in the two popula-
tions, suggesting that quantitative trait loci must be
validated in commercial populations before application.
The quantitative trait loci identified and confirmed in
this study have important economic effects for pork pro-
duction.
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